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Abstract
The photosynthetic thylakoid has the highest level of lipid unsaturation of any membrane. In Arabidopsis thaliana
plants grown at 22 C, approximately 70% of the thylakoid fatty acids are trienoic – they have three double bonds. In
Arabidopsis, and other species, the levels of trienoic fatty acids decline substantially at higher temperatures. Several
genetic studies indicate that reduced unsaturation improves photosynthetic function and plant survival at high
temperatures. Here, these studies are extended using the Arabidopsis triple mutant, fad3-2 fad7-2 fad8 that contains
no detectable trienoic fatty acids. In the short-term, ﬂuorescence analyses and electron-transport assays indicated
that photosynthetic functions in this mutant are more thermotolerant than the wild type. However, long-term
photosynthesis, growth, and survival of plants were all compromised in the triple mutant at high temperature. The
fad3-2 fad7-2 fad8 mutant is deﬁcient in jasmonate synthesis and this hormone has been shown to mediate
some aspects of thermotolerance; however, additional experiments demonstrated that a lack of jasmonate was
not a major factor in the death of triple-mutant plants at high temperature. The results indicate that long-term
thermotolerance requires a basal level of trienoic fatty acids. Thus, the success of genetic and molecular approaches to
increase thermotolerance by reducing membrane unsaturation will be limited by countervailing effects that compromise
essential plant functions at elevated temperatures.
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Introduction
The photosynthetic process depends on a highly orga-
nized complex of proteins and pigment molecules that are
embedded in a unique lipid bilayer, the thylakoid. In all
photosynthetic eukaryotes, the glycerolipid molecules that
form the foundation of this membrane contain a very high
level of trienoic fatty acids. Typically, more than two-
thirds of the fatty acids present in the thylakoid mem-
brane are 18:3 (a-linolenic acid) or a combination of 18:3
and 16:3 (Roughanic acid). The two major glycerolipids,
monogalactosyl diacylglycerol and digalactosyl diacylgly-
cerol, contain over 90% and 75% trienoic fatty acids,
respectively (Douce and Joyard, 1982). The occurrence of
such fatty acids as major components of thylakoid
membranes is remarkable since they are highly reactive
targets for active oxygen species and free radicals that are
inevitable by products of oxygenic photosynthesis. For this
reason, it has often been proposed that trienoic fatty acids
are critical for photosynthetic function. However, during
acclimation to high temperature, some plants show a de-
crease in the proportion of trienoic fatty acids in their
membrane glycerolipids (Pearcy, 1978; Raison et al.,1 9 8 2 ;
Iba, 2002). A reduction of the level of unsaturated fatty acids
in isolated thylakoid membranes by chemical hydrogenation
also led to an increase in the heat tolerance of photosynthesis
(Thomas et al.,1 9 8 6 ). Thus, it is tempting to speculate that
one of the strategies of plants to protect the photosynthetic
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proportion of highly unsaturated fatty acids in the thyla-
koid membrane. Studies of fatty acid-deﬁcient Arabidopsis
thaliana mutants (Hugly et al., 1989; Kunst et al.,1 9 8 9 a ,
1989b; Wallis and Browse, 2002) and a tobacco transformant
(Murakami et al.,2 0 0 0 ) also support this hypothesis.
Understanding the mechanism and details of this response
will be important to cope with changes in plant agriculture
and ecophysiology that will accompany climate change
(Porter and Semenov, 2005; Friend, 2010; Long and Ort,
2010).
In Arabidopsis, there are two distinct pathways in leaf
mesophyll cells for the biosynthesis of glycerolipids and the
associated production of unsaturated fatty acids (Wallis and
Browse, 2002; Benning, 2009). The prokaryotic pathway is
located in the chloroplast inner envelope, whereas the
eukaryotic pathway is located in the endoplasmic reticulum
with a return ﬂux of acyl lipids to the chloroplast. Three
mutants, namely act1, fad5,a n dfad6, affected in the
prokaryotic pathway, share a similar deﬁciency in highly
unsaturated fatty acids. The act1 mutation reduces the
activity of the ﬁrst enzyme of the prokaryotic pathway, the
glycerol-3-phosphate acyltransferase (Kunst et al., 1989a).
This Arabidopsis mutant has extremely low levels of 16:3
(<1% of the total leaf fatty acids compared with 14% in
the wild type) and higher levels of 18-carbon fatty acids.
The FAD5 gene product is responsible for the desatura-
tion of 16:0 fatty acid on monogalactosyl diacylglycerol
(Kunst et al., 1989b). The fad5 mutant does not contain
any 16:3 and has higher levels of 16:0. The fad6 mutant,
affected in the prokaryotic 16:1/18:1 desaturase, contains
elevated levels in 16:1 and 18:1 fatty acids and lower levels
of polyunsaturated fatty acids: 37% 18:3 compared with
48% in the wild type and no detectable 16:3 (Hugly et al.,
1989). The act1, fad5,a n dfad6 mutants exhibit slightly
increased rates of photosynthetic electron transport and
small increases in the thermal stability of their photosyn-
thetic apparatus at elevated temperatures. Moreover,
growth rates at high temperatures were increased, relative
to wild-type controls, in fad5 (Kunst et al., 1989b)a n d
act1 (Kunst et al., 1989a)b u tn o ti nt h efad6 mutant
(Hugly et al.,1 9 8 9 ).
Three Arabidopsis gene products (FAD3, FAD7, and
FAD8) mediate the ﬁnal desaturation of 16:2 and 18:2 fatty
acids to 16:3 and 18:3 (McConn and Browse, 1996). The
FAD3 gene encodes an endoplasmic reticulum desaturase;
the FAD7 and FAD8 genes both encode chloroplast
desaturase isozymes that recognize either 18:2 or 16:2 as
a substrate attached to any chloroplast lipid. A mutation in
one of these three genes results in no more than a partial
reduction of the trienoic fatty acid content. Thus, the fad3-2
mutation only marginally reduces the desaturation level of
the thylakoid galactolipids, while the fatty acid composition
of fad8 is indistinguishable from the wild type. The fad7
mutant alleles result in temperature-dependent reductions in
the 18:3 and 16:3 content in thylakoid lipids (Browse et al.,
1986)a n dfad7 fad8 double-mutant plants have only 10–15%
16:3 and 18:3 at growth temperatures above 22 C, compared
with approximately 60% 16:3 + 18:3 in wild-type plants
(McConn and Browse, 1996).
Murakami et al. (2000) produced lines of transgenic
tobacco (T25 and T23) in which the gene encoding the
FAD7 desaturase was silenced. This tobacco transformant
contained a lower level of trienoic fatty acids (25% 16:3 +
18:3 compared with 65% in wild-type tobacco leaves). These
authors studied the effect of heat on photosynthesis and
growth of T15, T23, and wild-type tobacco, and also carried
out experiments on a fad7-1 fad8 double mutant of
Arabidopsis that possesses a similar fatty acid deﬁciency.
The photosynthetic activity of intact leaves pretreated at
40 C was higher in T15, T23, and fad7-1 fad8 double-mutant
plants compared with their respective controls. Furthermore,
plants of all three lines were considerably more tolerant of
growth at high temperatures (47 C for tobacco, 36 Cf o r
Arabidopsis) compared with non-transgenic and wild-type
controls.
In general, therefore, reductions in trienoic acids have been
strongly correlated with improved performance of plants at
high temperatures (Iba, 2002). To ﬁnd out if this relation-
ship continues to even lower levels of 16:3 and 18:3 fatty
acids, this study investigated an Arabidopsis triple-mutant
line, fad3-2 fad7-2 fad8 that contains less than 0.1% 16:3 +
18:3 fatty acids (McConn and Browse, 1996). The current
study reports that short-term measurements of photosyn-
thesis do indeed show enhanced thermotolerance in the
triple mutant. However, growth of mutant plants is severely
compromised at high temperatures indicating a speciﬁc
requirement for trienoic fatty acids for survival of plants at
high temperatures. Although reduced membrane unsaturation
has been considered an important component of thermotol-
erance, these results indicate that there is a more complex
relationship between trienoic fatty acid levels and plant
responses to high temperature than previously thought.
Materials and methods
Plant material and growth conditions
The mutant lines of A. thaliana (L.) Heynh., used in this study, were
derived from the Columbia wild type and have been described
previously (McConn and Browse, 1996). Seeds were grown at 22 C
(70% humidity) in continuous ﬂuorescent illumination (100–150
lmol m
 2 s
 1) in soil irrigated with mineral nutrient solution.
After 17 days, the seedlings were transferred to the experimental
growth conditions.
Extraction and analysis of chlorophyll and lipids
Total chlorophyll was measured in 80% acetone. Fatty acid methyl
esters were made from leaves or from extracts by trans-esteriﬁcation
in methanolic HCl and quantiﬁed by gas chromatography and ﬂame
ionization detection (Browse et al.,1 9 8 6 ).
Chlorophyll ﬂuorescence measurements
Fluorescence measurements were obtained using a pulse amplitude
modulation ﬂuorometer driven by the DA-100 data acquisition
system software (model PAM 101; Walz, Effeltrich, Germany).
The ﬂuorometer was set up in a growth chamber and the probe
was positioned above a thermoregulated cuvette at an angle that
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leaves or plants were dark adapted for 1 h. Detached leaves were
incubated at a given temperature in the dark or in the light. Then,
the weak pulse measuring beam (0.02 lmol m
 2 s
 1) modulated at
1.6 kHz was switched on to determine Fo. A 1-s ﬂash of saturating
white light (2000 lmol m
 2 s
 1) gave the Fm. The parameter Fv/Fm ¼
(Fm–Fo)/Fm was calculated from these data. Continuous white light
(100 lmol m
 2 s
 1) was then switched on to record the ﬂuorescence
curve. During this period, 1-s ﬂashes of saturating light were applied
to measure Fm’ (the prime refers to a state that is not dark-adapted).
At the end of the light treatment, the quantum yield of steady-state
PSII electron transport (ØII)a s( F m’–Fs)/Fm’ was calculated
following the method of Genty et al.,1 9 8 9 ).
Chemical treatments
After heat treatment in the dark, 1-cm
2 leaf discs were vacuum
inﬁltrated at room temperature in a solution containing 0–150 mM
hydroxylamine and 50 mM HEPES buffer (pH 7.5). Following
inﬁltration, discs were incubated for 5 min before measurement of
Fv/Fm.
A 0.01% (w/v) solution of methyl jasmonate in 0.01% Tween
was sprayed directly on plants for 16 days beginning 3 days before
the heat treatment started. This level of methyl jasmonate is within
the physiological relevant range. Similar treatments have been
shown to complement the male-sterile and defence phenotypes of
the fad3-2 fad7-2 fad8 mutant (McConn and Browse, 1996;
McConn et al., 1997; Vijayan et al.,1 9 9 8 ; Stintzi et al., 2001).
Isolation of thylakoid membranes and photosynthetic electron
transport measurements
Thylakoid membranes were isolated by grinding leaves in ice-cold
25 mM HEPES buffer (pH 7.8), 10 mM NaCl, 5 mM MgCl2, 0.35
M sorbitol, 10 mM EDTA, and 0.2% (w/v) bovine serum albumin.
The homogenate was passed through four layers of Miracloth
(Calbiochem, La Jolla, CA, USA) and centrifuged at 3000 g for
5 min at 4 C. The pellet was washed with ice-cold 10 mM HEPES
buffer (pH 7.8), 5 mM NaCl, 2.5 mM MgCl2, 0.35 M sorbitol and
0.1% (w/v) bovine serum albumin and suspended in a small volume
of washing buffer.
Isolated thylakoids were incubated in the dark for 10 min. at
various temperatures from 25 Ct o4 5  C prior to measurement of
the oxygen evolution of whole-chain electron transfer, PSI, and
PSII at 25 C in an Hansatech oxygen electrode in white saturating
illumination (1200 lmol m
 2 s
 1). Whole-chain electron transport
activities were assayed in 1 ml of a reaction mixture (25 mM TRIS
pH 7.4, 100 mM sorbitol, 10 mM NaCl, 5 mM NH4Cl) using water
as the electron donor, by monitoring the oxygen consumption by
1 mM methyl viologen. PSII-dependent electron transport used
100 lM 2-6-dichlorophenol indophenol as the electron acceptor.
PSI-dependent oxygen evolution were recorded in the presence of
1 lM 3-(3-dichlorophenyl)1,1-dimethylurea to inhibit PSII activity
and 0.1 mM N,N,N’,N’-tetramethyl-p-phenylenediamine reduced
with 1 mM ascorbate.
Results
Reduced high-temperature damage of PSII in the triple
mutant
Photosynthesis is one of the most heat-sensitive functions of
plant cells (Sharkey and Zhang, 2010). For most temperate
C3 species, in vivo rates of photosynthesis begin to decline
above 25–28 C and severe damage to the photosystems is
often observed above 35–40 C. Importantly, heat damage is
more severe in the dark and physiological levels of light
have a protective effect (Kislyuk et al., 2008). To assess the
effects of high temperatures on photosynthesis, the current
study compared the time course of decline of photosynthetic
quantum efﬁciency in leaves from wild-type and triple mutant
fad3-2 fad7-2 fad8 Arabidopsis incubated at 40 C either in the
dark or in the light. Two non-invasive chlorophyll ﬂuores-
cence parameters were measured, Fv/Fm and ØII (Maxwell
and Johnson, 2000). Fv/Fm is the maximal quantum yield of
PSII photochemistry in dark-adapted leaves. This parameter
describes the efﬁciency of electron transport inside PSII and
has been shown to be linearly correlated with the quantum
yield of light-limited O2 evolution and with the proportion
of functional PSII reaction centres. ØII is the quantum yield
of linear electron transfer measured at steady state under
physiological light levels. This parameter also measures
PSII quantum yield, but reﬂects the efﬁciency of the whole
photosynthetic process (including PSI and CO2 assimilation)
because PSII is coupled to downstream processes in the light
(Genty et al., 1989). For plants grown at 22 C, The study
centre has previously shown that there are no differences in
Fv/Fm and ØII values between fad3-2 fad7-2 fad8 plants and
wild-type controls (McConn and Browse, 1996; Routaboul
et al., 2000). Fig. 1A shows that a 40-min incubation at
40 C in the light did not reduce ØII below 90% of the
starting value in leaves of either the wild type or the mutant.
In contrast, both wild-type and fad3-2 fad7-2 fad8 mutant
photosynthetic capabilities, measured as Fv/Fm, signiﬁcantly
diminished when leaves were incubated at 40 C in the dark.
However, the mutant tolerated high temperatures better
than the wild type. To obtain a 50% decrease in Fv/Fm,i t
was necessary to incubate wild-type leaves at 40 C for only
15 min whereas leaves from the mutant required 40 min of
heat treatment to reach the same level. These results
indicate that, in the dark, high temperatures mainly affect
PSII activity (Nash et al., 1985; Sharkey and Zhang, 2010;
Toth et al., 2011).
To conﬁrm that the primary site of heat damage involved
PSII, thylakoids from wild-type and mutant plants were
isolated and incubated in the dark for 10 min at various
temperatures (25–45 C) before measuring oxygen evolution
at 25 C( Fig. 2A-C). Both whole-chain (Fig. 2A) and PSII-
dependent electron transport (Fig. 2B) were markedly more
tolerant to elevated temperature in the mutant compared
with the wild type. The temperature resulting in half in-
activation of PSII was 42 C for mutant thylakoids compared
with 37 C for the wild type. In contrast, temperatures up to
45 C( Fig. 2C) had only a small effect on PSI electron
transport in either wild-type or mutant thylakoids. Control
thylakoids maintained in the dark and cold prior to assay
retained high rates of PSII electron transport throughout
the experiment and for several hours afterwards.
The disintegration of the protein complex responsible for
oxygen evolution has been proposed to be the main cause of
irreversible damage of PSII (Nash et al., 1985). To test for
inhibition of the O2-evolving complex, detached leaves from
wild-type and mutant plants were ﬁrst incubated at 40 C,
for 15 or 40 min, respectively, to obtain a similar half
inhibition of Fv/Fm (see Fig. 1A). Then, leaves were inﬁltrated
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and Fv/Fm was measured again. Hydroxylamine is an
artiﬁcial electron donor that bypasses any inhibition of the
O2-evolving complex. While the control leaves exhibited
a 50% reduction in Fv/Fm, as predicted from Fig. 1A,
inﬁltration of leaves with 100 mM hydroxylamine sub-
stantially restored the Fv/Fm signal in both wild-type and
mutant leaves. Hydroxylamine-treated leaves had Fv/Fm
values that were 85–90% of the values in unheated leaves
(Fig. 1B). It appears, therefore, that the absence of trienoic
fatty acids partially protects the PSII O2-evolving complex
from high-temperature damage.
Thermotolerance of PSII is strongly correlated to 16:3
content but not 18:3 content
Clearly, these results are consistent with the broader, well-
established ﬁnding that mutant and transgenic plants with
reduced thylakoid unsaturation exhibit increased thermotol-
erance of PSII. To investigate this relationship more deeply,
ten different mutants of Arabidopsis (together with wild-type
Fig. 2. Proﬁles of high-temperature inactivation of whole-chain (A),
PSII (B), and PSI (C) electron transport in wild-type and fad3-2
fad7-2 fad8 plants. Isolated thylakoids were preincubated at the
designated temperatures in the dark for 10 min. Activities were
measured at 25 C and expressed relative to those obtained with
membranes preincubated in the dark at 4 C. The initial activities
were: 197 6 11 and 194 6 12 lmol O2 h
 1 mg
 1 chlorophyll for
wild-type and mutant whole-chain electron transport, 300 6 20
and 282 6 25 for wild-type and mutant PSII activities, and 276 6
19 and 282 6 19 for wild-type and mutant PSI activities,
respectively. Values are mean 6 SE (n ¼ 3).
Fig. 1. Effect of high temperature on photosynthesis in wild-type
and fad3-2 fad7-2 fad8 plants. (A) Leaves were incubated at 40 C
and inhibition of photosynthesis was monitored in the dark by
Fv/Fm (squares) and at a light intensity of 100 lmol quanta m
 2 s
 1
by ØII (circles). (B) Partial restoration of Fv/Fm in heat-damaged
leaves by hydroxylamine. Data are shown as a percentage of
controls not subject to heat treatment. Values are mean 6 SE
(n ¼ 5).
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25 C were made on individual leaves and these leaves were
then incubated in the dark at 40 C for 20 min and returned
to 25 C for 20 min before measuring Fv/Fm for a second time.
The ratio of Fv/Fm after:before heat treatment, expressed as
a percentage, was used as a quantitative measure of PSII
thermotolerance. The fatty acid composition of each leaf
was determined by gas chromatography.
Interestingly, thermotolerance across the 13 different lines
used in this experiment was more strongly correlated with
leaf 16:3 content (Fig. 3A) than to 18:3 content (Fig. 3B)o r
to the sum of 16:3 + 18:3, the average number of double
bonds per glycerolipid molecule, or other measures of
membrane unsaturation (data not shown). The most resistant
mutants, namely fad3-2 fad7-2 fad8, fad7-2 fad8, fad5, fad6,
and act1, contained less than 2% 16:3 compared with 12%
in wild-type Arabidopsis. By contrast, the levels of 18:3
among these ﬁve mutants varied from 0 to 54%. The most
thermosensitive lines, fab1, fad8, and the wild type, all
contained 12–13% 16:3 in their leaf lipids together with 37–
48% 18:3. The degree of linear correlation (r
2) between PSII
inactivation and 16:3 content was 0.88, while the r
2 for 18:3
content was only 0.37.
Decreased unsaturation in wild-type and fad3 fad7 fad8
plants at 33 C
Previous studies have documented reductions in overall
unsaturation of leaf lipids in desert and evergreen plants
grown at high temperatures (Pearcy, 1978; Raison et al.,
1982). Increasing temperature results in reduced unsatura-
tion in Arabidopsi, also, and wild-type plants moved from
the growth temperature of 22 C showed changes in leaf
fatty acid composition over a period of 10 days (Falcone
et al., 2004). The current study investigated the time course
of changes in leaf fatty acid composition for plants trans-
ferred from 22 Ct o3 3  C. High-temperature acclimation
caused substantial decreases in the proportions of both 16:3
and 18:3 fatty acids in wild-type leaves, and corresponding
increases in the amount of the less unsaturated 16:0 and
18:2 fatty acids (Fig. 4A). Wild-type plants contained only
5% 16:3 fatty acids after 13 days at 33 C. The changes
observed are somewhat greater than those recorded for
plants transferred to 29 C for 10 days (Falcone et al., 2004).
Leaves of fad3 fad7 fad8 plants exhibited a heat-induced
increase in the amount of 16:0 and a corresponding decrease
in 16:2 fatty acids. However, there was almost no change in
the extent of unsaturation of 18-carbon fatty acids in the
mutant (Fig. 4B).
Linolenic acid is essential for plant survival at 33 C
The results in Fig. 4 are consistent with a model in which
plants acclimate to high temperatures, in part, by reducing
thylakoid unsaturation in order to protect photosynthesis,
and particularly PSII, from damage. Lipid mutants with
reduced thylakoid unsaturation might be considered ‘pre-
acclimated’ to the extent that PSII is consistently more
thermotolerant in these mutants compared with the wild type
(Hugly et al., 1989; Kunst et al., 1989a, 1989b; Murakami
et al., 2000). For the fad5, act1, and fad7 fad8 mutants
(Kunst et al., 1989a, 1989b; Murakami et al., 2000) but not
fad6 (Hugly et al., 1989), increased thermotolerance of
photosynthesis is associated with improved growth of the
mutants, relative to the wild type, at temperatures above
30 C. To ﬁnd out if the improved thermotolerance of
photosynthesis in the fad3 fad7 fad8 mutant also provided
for increased growth at high temperature, the current study
monitored the growth, photosynthesis, and appearance of
mutant and wild-type plants following transfer from 22 C
to 33 C. During the ﬁrst 6 days after transfer, mutant plants
showed only a small decrease in growth rate, relative to the
wild type (Fig. 5A). After 6 days, however, growth of
mutant plants slowed rapidly, and at 8 days chlorosis and
small areas of necrosis were visible on the leaves (Fig. 5B).
Beyond 8 days, damage to leaves of the mutant plants
became rapidly more severe (Fig. 5B) and the fresh weight
of plants began to decline (Fig. 5A), presumably because of
Fig. 3. Relationships between 16:3 content (A) and 18:3 content
(B) and thermal tolerance. Fv/Fm was measured at 25 C on leaves
of different lipid mutants after preincubation for 20 min at 40 Ci n
the dark. 100% corresponds to a Fv/Fm value prior heat treatment.
The data points represent: 1, fad3-2 fad7-2 fad8 triple mutant;
2, fad6;3 ,fad7-2 fad8 double mutant; 4, fad5;5 ,act1;6 ,fad7-2;
7, fab2;8 ,gly1; 9, wild type; 10, fad8; 11, fad4; 12, fab1; 13, fad2;
14, fad3. Values are mean 6 SE (n ¼ 15).
Fig. 4. Changes in the fatty acid composition of leaves from
wild-type (A) and fad3-2 fad7-2 fad8 (B) plants, after transfer to
33 C. Values are mean 6 SE (n ¼ 5).
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most of the fad3 fad7 fad8 plants were brown and dead
(Fig. 5B). By contrast, wild-type plants remained healthy
and continued to grow throughout the experiment. Fluores-
cence analysis was used to monitor the potential quantum
yield of PSII in leaves of wild-type and mutant plants
during the experiment (Fig. 5C). The value of Fv/Fm for the
wild type declined by less than 5% after 13 days at 33 C. In
the mutant, Fv/Fm declined rapidly after day 6, reﬂecting
the visible damage observed in the plants.
Additional experiments at 33 C were conducted which
included the fad3-2, fad7-2, and fad8 single mutants and the
fad7-2 fad8 double mutant together with the fad3-2 fad7-2
fad8 mutants and the wild type. In these experiments, only
the triple mutant plants showed the leaf necrosis and death
seen in Fig. 5B. After 15 days at 33 C, leaves of the fad7-2
fad8 plants contained no 16:3 and only 6 6 1% 18:3. These
results indicate that death of fad3 fad7 fad8 plants at 33 Ci s
caused by a deﬁciency in 18:3 synthesis, rather than by any
other mutation in the genetic background of the triple
mutant, and that a relatively low level of 18:3 (<6%) is
sufﬁcient to rescue the phenotype.
Jasmonate deﬁciency does not cause death of plants at
33 C
fad3 fad7 fad8 mutant plants cannot synthesize jasmonate,
because they lack the precursor, 18:3 (McConn and Browse,
1996). Jasmonate is an important chemical signal in plants
with roles in insect and pathogen defence (Vijayan et al.,
1998; Reymond et al., 2004; Browse, 2009), reproductive
development (Feys et al., 1994; McConn and Browse, 1996),
and other biological processes. Jasmonate has been shown
to induce production of small heat-shock proteins (Hamilton
and Coleman, 2001), which contribute to thermotolerance
of PSII electron transport (Heckatorn et al., 1998), and to
be necessary for basal thermotolerance in Arabidopsis plants
exposed to 38 C( Clarke et al., 2009). Jasmonate is also
known to have a role in stomatal control (Munemasa et al.,
2011) and this may be important for limiting water loss at
high temperatures.
This work considered the possibility that jasmonate is
speciﬁcally required for survival of Arabidopsis at high
temperatures. Application of jasmonate to fad3 fad7 fad8
plants and to other jasmonate-synthesis mutants has been
demonstrated to complement the defence and sterility
phenotypes (McConn and Browse, 1996; Vijayan et al.,
1998). To test whether jasmonate could also rescue the
triple mutants during exposure to 33 C, the experiment
shown in Fig. 5 was repeated but with the plants being
sprayed with a solution of 0.01% jasmonate each day,
starting 3 days before transfer to 33 C. Application of
jasmonate did not alter the outcome of the experiment:
the fad3 fad7 fad8 mutant plants still died over a period of
10–20 days, while wild-type plants remained alive.
As an alternative test of a role for jasmonate in
thermotolerance, this study performed experiments with
two mutants, aos and opr3 (dde1) that are unable to
synthesize jasmonate (Stintzi and Browse, 2000; Park et al.,
2002), and the coi1 mutant that is deﬁcient in all known
responses to jasmonate (Feys et al.,1 9 9 4 ). In these experi-
ments, plants were scored for survival after 3 weeks at 33 C.
Data from three replicate experiments are shown in Table 1.
The opr3, aos, and coi1 plants all survived nearly as well as
the wild type, with >90% of the plants alive at the end of
heat treatments. Only the fad3 fad7 fad8 plants showed
Fig. 5. The effects of high temperature on growth and photosyn-
thesis of wild-type (ﬁlled square) and fad3-2 fad7-2 fad8 (open
square) plants following transfer to 33 C. (A) Time course of aerial
fresh-weight accumulation. (B) Photographs of representative
plants. (C) PSII inhibition in wild-type (ﬁlled square) and fad3-2
fad7-2 fad8 (open square) plants. Detached leaves were cooled to
25 C for 1 h in the dark and Fv/Fm was measured at 25 C. In
A and C, values are mean 6 SE (n ¼ 5).
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concluded that the inability of fad3 fad7 fad8 plants to
synthesize jasmonate does not cause this mutant to die at
33 C.
Discussion
Short-term increase in thermotolerance of
photosynthesis
The increasing concentrations of greenhouse gases in the
atmosphere and attendant global warming mean that it is
important to understand the mechanisms of temperature
acclimation and thermotolerance in plants (Porter and
Semenov, 2005; Friend, 2010; Long and Ort, 2010). The
extent of fatty acid unsaturation in plant membranes has
long been considered a factor in plant temperature responses
(Pearcy, 1978; Raison et al., 1982; Iba, 2002). In broad
terms, fatty acid unsaturation (measured as the number of
carbon–carbon double bonds per fatty acid or per glycer-
olipid molecule) is highest in plants grown at low temper-
atures and declines considerably as growth temperature is
increased towards the upper limit for growth of a particular
species. For example, in Arabidopsis, the average number of
double bonds per glycerolipid molecule in leaves fell from
4.8 in plants grown at 17 C to 2.9 in plants grown at 36 C
(Falcone et al., 2004). Following a shift from lower to
higher temperature, levels of the most highly unsaturated
fatty acids decline over time and there is a concomitant
increase in fatty acids with fewer double bonds. For the
current experiments with Arabidopsis, these changes are
demonstrated by the data in Fig. 4A. A simple hypothesis
from these general observations is that high membrane
unsaturation is beneﬁcial for photosynthesis and other plant
processes at low temperature and that low unsaturation
favours photosynthetic function at high temperatures.
The isolation of a series of Arabidopsis mutants with
speciﬁc alterations in leaf fatty acid composition (Wallis
and Browse, 2002) has provided an alternative means to
investigate the relationship between membrane unsaturation
and plant temperature responses. Five mutants that are
substantially indistinguishable from the wild type when
grown at 22 C all show symptoms of damage when grown at
2  to 6 C. The mutant lines are fab1, fad2, fad5 (previously
fadB), fad6 (previously fadC), and the fad3 fad7 fad8 triple
mutant (Hugly and Somerville, 1992; Routaboul et al.,2 0 0 0 ;
Wallis and Browse, 2002). Each of these mutants exhibits
a distinct pattern of symptoms at low temperature, suggest-
ing that different mechanisms of low-temperature damage
are operating. In the fab1, fad5, fad6, and fad3 fad7 fad8
mutants, the chloroplast appears to be the primary site of
low-temperature damage; however, comparisons of photo-
synthesis in wild-type and mutant plants at low temperatures
indicate that photosynthesis in the mutants is not immedi-
ately affected, but instead is reduced progressively by long-
term exposure to low temperatures. In the fad5, fad6, and
fad3 fad7 fad8 mutants, poor growth at low temperatures
has been related to reduced recovery from photoinhibition
(Vijayan and Browse, 2002) and reduced capacity for
thylakoid protein transport (Ma and Browse, 2006).
It may be tempting to consider changes in membrane
unsaturation as providing a simple trade-off: reduced unsatu-
ration compromises photosynthesis and plant growth at low
temperatures, but allows improved performance at high
temperatures. Experiments with Arabidopsis,a sw e l la sw i t h
other plants and cyanobacteria, indicate that the reality is
not this simple. For example, it is true that estimates of
photosynthetic thermotolerance indicate improved perfor-
mance for the fad5 and fad6 mutants relative to the wild type
(Hugly et al.,1 9 8 9 ; Kunst et al.,1 9 8 9 a ). However, mutants
that exhibit no detrimental effects at low temperature, such
as act1 and the fad7 fad8 double mutant, also show increased
thermotolerance of photosynthesis as well as increased
growth relative to the wild type at high temperatures (Kunst
et al.,1 9 8 9 b ; Murakami et al.,2 0 0 0 ). In cyanobacteria,
reductions in thylakoid unsaturation do not improve the
thermotolerance of photosynthesis (Gombos et al.,1 9 9 4 ;
Wada et al.,1 9 9 4 ).
In the short term, the fad3 fad7 fad8 mutant also shows
improved photosynthetic parameters relative to the wild
type at temperatures above 30 C( Figs. 1 and 2) and this
reinforces the strong correlation observed between reduced
thylakoid unsaturation and increased thermotolerance of
photosynthesis in higher plants. The beneﬁt of reduced
thylakoid unsaturation has been attributed to improved
thermotolerance of PSII, which is recognized as one of the
most thermally sensitive processes in plants (Nash et al.,
1985; Havaux and Tardy, 1997; Sharkey and Zhang, 2010;
Toth et al., 2011). In leaves (Figs. 1 and 3) and thylakoids
(Fig. 2)o ffad3 fad7 fad8 plants grown at 22 C, PSII was
partially protected from heat damage relative to wild-type
controls. The artiﬁcial electron donor, hydroxylamine,
substantially restored Fv/Fm of both wild-type and fad3
fad7 fad8 leaves incubated at 40 C. This result is consistent
with previous results that indicate thermal damage to the
O2-evolving complex, rather than to any other component
of PSII (Nash et al., 1985; Toth et al., 2011). Interestingly,
the current results indicate that this thermotolerance of the
Table 1. Survival of wild-type Arabidopsis and four jasmonate
mutants at 33 C
The fad3 fad7 fad8 mutant was grown together with two other
jasmonate-synthesis mutants, aos and opr3, the jasmonate-response
mutant coi1, and the wild type. Plants were grown for 17 days at 22 C
and then transferred to 33 C for 3 weeks. For each experiment,
surviving/total plants are shown. The average percentage survival 6 SE
was calculated for the three experiments.
Survival
Expt. 1
Expt. 2 Expt. 3 Overall (%)
Wild type 10/10 13/13 26/26 100
fad3 fad7 fad8 0/14 2/13 2/18 8.8 6 3.7
aos 15/15 25/35 21/21 90.5 6 7.8
opr3 14/15 12/12 19/20 96.1 6 1.6
coi1 14/15 21/24 21/22 92.1 6 1.9
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16:3 fatty acid (Fig. 3), rather than to any other measure of
membrane unsaturation. A previous study (Falcone et al.,
2004) also found that three Arabidopsis mutants deﬁcient in
16:3, fad5, fad6,a n dact1, had enhanced thermotolerance,
relative to the wild type, when plants were grown at 17 C.
When plants were grown at 29 C, thermotolerance of the
three mutant lines did not change but thermotolerance of
the wild type increased to be equal to that of the mutants,
and this change was associated with a 67% decrease in the
proportion of 16:3 in the total leaf lipids of wild-type plants.
These results are consistent with the correlation identiﬁed
in Fig. 3. The explanation for this intriguing observation
remains to be elucidated, but may relate to the fact that 16:3
is predominantly found as an acyl component of monogalac-
tosyl diacylglycerol, the major glycerolipid of the chloroplast
thylakoid (Douce and Joyard, 1982). Additional research will
be needed to determine whether and how the changes in fatty
acid composition of this glycerolipid contribute to thermotol-
erance of PSII.
Trienoic fatty acids are required for plant survival at high
temperature
Photosystem II and whole-chain electron transport in the
fad3 fad7 fad8 mutant each has a 4–5 C increase in thermal
tolerance over the wild type (Fig. 2). Although vegetative
growth and development of fad3 fad7 fad8 plants is
indistinguishable from the wild type at 22 C( McConn and
Browse, 1996), after transfer to 33 C growth of mutant
plants quickly slowed relative to wild-type controls (Fig. 5A).
Leaves of mutant plants quickly showed signs of damage
and most of the plants died within 10–20 days at 33 C
(Fig. 5B, C). In contrast, and consistent with the observa-
tions of Murakami et al. (2000), this study found that the
fad7-2 fad8 double mutant continued to grow at 33 C
although leaves of this mutant contained only 6% 18:3 and
no detectable 16:3, compared with 43% 18:3 + 16:3 in wild-
type leaves. Taken together, these results indicate that there
is a speciﬁc requirement for low levels of linolenic acid for
survival of plants at high temperatures.
The plant hormone jasmonate has demonstrated roles in
thermotolerance (Hamilton and Coleman, 2001; Clarke
et al., 2009; Munemasa et al., 2011). The current study
hypothesized that the inability of fad3 fad7 fad8 plants to
synthesize jasmonate (McConn and Browse, 1996) might
underlie the damage and death of these plants at 33 C( Fig. 5).
However, application of exogenous jasmonate, which cor-
rects other symptoms of jasmonate deﬁciency (McConn and
Browse, 1996; McConn et al.,1 9 9 7 ; Vijayan et al.,1 9 9 8 ), did
not reduce damage or improve survival of mutant plants at
33 C. Furthermore, other mutants deﬁcient in jasmonate
synthesis or perception exhibited high rates of survival
during growth at 33 C( Table 1). These results indicate that
jasmonate deﬁciency is not the principal factor contributing
to the death of fad3 fad7 fad8 plants at 33 C.
In the fad7 fad8 mutant, both the chloroplast and
extrachloroplast lipids contain low levels of 18:3 (McConn
et al., 1994) that are absent from tissue of the fad3 fad7 fad8
mutants (McConn and Browse, 1996). For this reason,
analysis of the mutants did not allow the determination of
whether a deﬁciency in thylakoid 18:3 causes the thermosen-
sitive phenotype of the fad3 fad7 fad8 mutant or, alterna-
tively, if it is failure in another membrane compartment of
the cell that causes the death of mutant plants. Further
experiments will be required to address this question and to
develop a more complete mechanistic understanding of the
high-temperature phenotype of the fad3 fad7 fad8 mutant.
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